Background: Children under five bear the largest cholera burden. We therefore sought to identify modifiable risk factors among Bangladeshi children.
Introduction
Cholera is a potentially life-threatening, primarily waterborne, diarrheal disease caused by infection with Vibrio cholerae bacteria. A 2012 review of cholera's global burden estimated that 1.4 billion people are at risk for cholera, with 2.8 million cases and 91,000 related deaths in endemic regions annually [1] . This burden is disproportionately borne by the young, with children under five having the highest incidence of cholera and contributing almost half of the mortality [1] . More than 40 years ago it was reported that the cholera case fatality rate among children one to five years old was more than 10 times that of adults [2] , but description of this disparity has not resulted in large-scale studies of cholera risk factors unique to young children. Most prior studies have been small [3] , focused on specific risk factors such as breastfeeding [4, 5] , or assessed risk factors for diarrhea in general [6] . More recently, other studies have examined risks for duration of diarrheal illness [7] and diarrheal disease associated death [8, 9] . Research that specifically explores cholera risk factors in children under five may provide an important new perspective.
Although an oral bivalent cholera vaccine campaign was initiated in response to the epidemic that started in Haiti in 2010, and a large-scale feasibility trial of this same vaccine began in Bangladesh in 2011 (clinicaltrials.gov id: NCT01339845), there is currently no evidence that this vaccine will be able to stop an epidemic or significantly reduce cholera burden in endemic settings. Furthermore, a 2011 Cochrane review reported that the protective efficacy of five types of killed whole cell cholera vaccine in children under five was significantly lower than among older children and adults [10] .
Due to uncertainty regarding the efficacy of cholera vaccines in young children, we sought to identify risk factors amenable to nonimmunologic intervention by developing predictive models for severe cholera in children under five. Due to substantial environmental and socioeconomic regional differences, we examined children in rural (Matlab) and urban (Dhaka) Bangladesh separately.
Methods

Ethics Statement
Hospital surveillance activities were approved by the Ethical Review Committee (ERC) and the Research Review Committee (RRC) of the International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR,B). Informed oral consent was obtained from all participants and was documented in the DDSS database by ICDDR,B staff. For minors, informed oral consent was obtained from parents, guardians, caretakers, or next of kin. Anonymized medical records were used in all data analyses. This research was exempted from human subjects review by the University of Washington Institutional Review Board. The ERC and RRC approved the use of oral consent because of the high proportion of illiterate patients.
Study Design & Setting
We performed a hospital-based surveillance study using the Diarrhoeal Diseases Surveillance System (DDSS) databases from Matlab and Dhaka ICDDR,B hospitals. The DDSS records clinical, demographic, socioeconomic, and enteric pathogen data from diarrheal patients. All DDSS patients had stool cultured for enteric pathogens following standard bacteriological methods [11] [12] [13] . In addition to V. cholerae, stools were systematically tested for rotavirus, Shigella, Salmonella, amoeba and Giardia species.
Matlab Upazila (sub-district) is a predominantly rural area of Bangladesh, with villagers comprising more than 97% of the population. In Matlab, a Health and Demographic Surveillance System (HDSS) covering approximately 200,000 residents was established in 1966. All diarrheal patients living in the HDSS catchment area were enrolled in the DDSS.
Dhaka is a densely populated city, with more than 12 million residents in 2008. Every fiftieth diarrheal patient visiting the Dhaka hospital has been enrolled in the DDSS since 1996 [12] . In both settings, ICDDR,B hospitals provide excellent diarrhea treatment at no cost to the patient.
For this analysis, Matlab patients who lived in villages were considered rural dwellers. Dhaka patients who lived in highdensity residential or mixed-use areas, or slums, were considered urban dwellers.
Study Population
We limited the analysis to patients under five years old entering ICDDR,B hospitals between January 1, 2000 and December 31, 2008. Patients missing age data, Dhaka patients residing in villages, and Matlab patients who reported residing in slums or high-density residential or mixed use areas were excluded. Due to the inability to attribute severe diarrhea to a particular pathogen in patients who were co-infected with V. cholerae and another pathogen, we excluded these patients. There were no other exclusion criteria. Multiple hospital admissions of the same child could not be identified because anonymized data were used.
Cholera Definition
Laboratory-confirmed culture of V. cholerae (negative, positive) was the outcome of interest. V. cholerae status was positive when V. cholerae O1 Classical Inaba, V. cholerae O1 Classical Ogawa, V. cholerae O1 El Tor Inaba, V. cholerae O1 El Tor Ogawa, or V. cholerae O139 (Bengal) was recorded as one of the first three isolated pathogens in the DDSS database.
Data Analysis
Characteristics of cholera and non-cholera patients, stratified by rural or urban residence, were compared using chi-squared tests for categorical variables. The Mann-Whitney U test was used for the number of household members, a continuous variable with a right-skewed distribution. Sociodemographic characteristics were self-reported and included age, sex, the number of household members, maternal education, maternal newspaper readership, monthly household income, residence in a slum, home ownership, and the presence of concrete floors in the home.
Self-reported water and sanitation characteristics included household toilet facilities, distance from the kitchen to drinking water, sources of drinking and washing/bathing water, and drinking water treatment.
Other variables of interest included a family member with diarrhea in the past week, breastfeeding status, history of vitamin A supplementation, and distance from home to the hospital, all of which were self-reported. Severe acute malnutrition (mid-upper arm circumference ,11.5 cm) was assessed by ICDDR,B medical personnel.
Clinical characteristics included the general condition on admission (assessed by medical personnel), diarrhea duration prior to arrival (self-reported), degree of clinical dehydration (assessed by medical personnel), watery stool, stool contents, and the number of stools and bouts of vomiting in the 24 hours prior to admission (all self-reported). We also assessed the distribution of enteric pathogens detected by ICDDR,B laboratories.
Risk Factors Examined
Sociodemographic risk factors examined were age, sex, maternal education (none, 1-5, 6-9, 10-12, .12 years), maternal newspaper readership (never, ,7 days/week, daily), monthly household income (84+, 50-84, 34-50, ,34 USD (converted from Taka at 59.4 Taka/USD, the mid-market rate on July 1, 2004, the mid-point of our study [14] )), residence in a slum (yes, no), home ownership (own, rent), and concrete floors in the home (yes, no).
Water and sanitation risk factors included household toilet facilities (improved or unimproved, as defined by the WHO/ UNICEF Joint Monitoring Programme for Water Supply and Sanitation [15] ), distance from the kitchen to drinking water (10-meter increments), water source (ranked in decreasing order of safety as tap, tube well, or surface; if different sources were used for drinking and washing/bathing water, the least safe source was analyzed), and drinking water treatment (none, boiling, other). Water sources used in food preparation were not available. Surface water was defined as water from a pond, river, or ditch. Other water treatment included filtering, sieving, and treatment with tablets.
A history of a family member with diarrhea in the past week (yes, no), current breastfeeding (yes, no), severe acute malnutrition (yes, no), prior vitamin A supplementation (never, ever), and distance from home to the hospital (5 km increments) were also assessed.
Statistical Methods
Risk ratios (RR) and 95% confidence intervals (95% CI) for cholera risk factors were assessed using Poisson regression, with robust variance estimates to compensate for variance overestimation [16] . Candidate risk factors with more than 5% missing data were excluded from analysis. A linear trend test was performed for ordinal variables with $4 strata.
Univariate risk factors associated with cholera with a p-value ,0.10 and an RR of ,0.9 or .1.1 were candidates for the multivariate model. We excluded risk factors with an RR between 0.9 and 1.1 because of the likelihood that weak (epidemiologically unimportant) associations would be found statistically significant solely due to our large sample size. Collinearity among multivariate candidates was assessed using variance inflation factors (VIF), with a VIF of $10 indicating collinearity. If collinear candidates were found, only the predictor judged to be more biologically plausible was considered for the multivariate model. A multivariate regression model was built by adding and testing candidate predictors individually, in order of effect size. Continuous predictors were retained if the Wald test was significant (pvalue ,0.05). Retention of categorical predictors was also dependent on a significant Wald test for at least one stratum. Since regression with robust standard errors does not provide log likelihoods, we could not perform likelihood ratio tests to compare models. After inclusion in the model, risk factors were not reevaluated in subsequent model building steps.
Sex, the number of household members (continuous), and cholera seasonality were a priori confounders and were included in the multivariate model as adjustment variables. Seasonality was constructed by creating a restricted cubic spline of the day of the year on the date of visit (1-366) with seven knots [17] .
Analyses used two-sided significance levels and were performed with Stata/IC 11.2 (StataCorp LP, College Station, TX).
Results
Study Population
Of the 13,839 Matlab patient records in the DDSS, four (,0.01%) had missing age data, 304 (2.2%) were non-rural dwellers, 5,193 (37.5%) were older than five, and 161 (1.2%) had laboratory-confirmed co-infections with V. cholerae and another enteric pathogen. Among the remaining 8,177 rural children, there were 378 (4.6%) laboratory-confirmed V. cholerae cases. Of the 19,332 Dhaka patient records, 41 (0.2%) had missing age data, 6,938 (36%) were non-urban dwellers, 6,176 (31.9%) were older than five, and 136 (0.7%) had laboratory-confirmed infections with V. cholerae and another enteric pathogen. Among the remaining 6,041 urban children, there were 473 (7.8%) cases of cholera. Dhaka had a higher proportion of cholera cases (P,0.001). A known pathogen was detected in 47% of rural patients and 59% of urban patients (Figure 1 ).
Comparison of Cholera and Non-cholera Diarrhea Cases
In the rural setting, cholera patients were older (median age 30 vs. 14 months), had fewer household members, and were more likely to have uneducated mothers who never read newspapers than other diarrhea patients (Table 1) . They also came from families with lower household incomes and their homes were less likely to have concrete floors, improved toilet facilities (6.3% vs. 10.2%), and a drinking water source within 10 meters of their kitchen (41.5% vs. 55.9%). They were more likely to use surface water for drinking or washing, to have had a family member with diarrhea in the past week (11.6% vs. 6.2%), and less likely to be breastfed (48.8% vs. 88.4%) and have severe acute malnutrition.
They were also more likely to have had prior vitamin A supplementation (82.3% vs. 49.9%) and to live further from the hospital than other diarrhea patients.
Similar relationships were observed for cholera vs. other diarrhea patients in the urban setting, with the following exceptions. Urban cholera patients were more likely to be female (45.5% vs. 40.4%) and did not differ significantly in the number of household members compared to non-cholera patients. Cholera patients were also more likely to reside in a slum (21.4% vs. 14.9%) and less likely to come from a family that owned a home, to use tap water, or to treat their drinking water.
In both settings, cholera patients were less likely to present in normal physical condition, and more likely to present within one day of diarrhea onset than other diarrhea patients (Table 2) . They were also more likely to have severe dehydration, watery stool, non-bloody, non-mucusy stool contents, and more than 10 bowel movements and vomiting in the prior 24 hours.
Risk Factor Analysis
Rural and urban univariate analysis results are reported in Tables 3 and 4 , respectively. The data for all risk factors were considered complete (#5% missing), and we found no instances of collinearity among the assessed variables.
In the rural model, cholera risk increased with age (P-trend: ,0.001) and decreased monotonically with higher levels of maternal education (P-trend: ,0.001), when adjusted for a priori confounders and the other predictors in the final model (Table 3) . Four-year-olds faced more than four times the risk of those less than one (adjusted risk ratio (aRR) = 4.17, 95% CI: 2.43-7.15). There was an 87% risk reduction for those with more than 12 years of education (aRR = 0.13, 95%CI: 0.03-0.52), compared to those with no formal education. Having a family member with diarrhea in the past week was associated with increased risk (aRR = 1.61, 95% CI: 1.22-2.14), whereas current breastfeeding (aRR = 0.49, 95% CI: 0.35-0.67) halved the risk. Prior vitamin A supplementation (aRR = 1.65, 95% CI: 1.12-2.43) was associated with increased risk for severe cholera.
In the urban multivariate model, cholera risk also increased with age (P-trend: ,0.001) and was halved with current breastfeeding (aRR = 0.51, 95% CI: 0.41-0.62) ( Table 4) . Daily (aRR = 0.41, 95% CI: 0.21-0.79) and occasional (aRR = 0.55, 95% CI: 0.36-0.84) maternal newspaper readership were associated with reduced risk, compared to children whose mothers did Table 1 
Discussion
Several factors emerged from this analysis that differentiated children with cholera from those with other types of diarrhea. Some findings were common to both the urban and rural setting, while others were limited to one setting or the other. Increasing age was strongly associated with cholera risk in both urban and rural settings, with a four-fold increased risk for rural four-yearolds and a six-fold increased risk for urban four-year-olds compared to those under one. Current breastfeeding, a behavior that can be successfully promoted [18] , halved the risk in both settings. Socioeconomic status (SES) indicators were also key correlates of cholera risk in both settings: increasing maternal education was associated with decreasing cholera risk in rural children, and maternal newspaper readership and increasing family income was associated with decreased risk in urban children.
In the rural setting, children with a history of vitamin A supplementation or a family member with diarrhea had increased risk.
Cholera hospitalization risk increased after age two among rural children and after one among urban children. This finding is similar to that reported in a 1982 study in which rural children under two experienced hospitalization for cholera less frequently than those two to nine years old [19] . The delayed onset of risk among rural children may be explained, in part, by the greater proportion of rural mothers who breastfed their children. In addition, although we did not have data to assess this, women in rural settings may breastfeed longer than those in urban settings [20] . Early weaning may increase cholera risk through loss of cholera-specific IgA antibodies, which can be passed through breast milk and effectively protect against cholera disease in children who are colonized [21] . The protective effect of breastfeeding maybe especially pronounced in this dataset because breastfeeding does not appear to protect against rotavirus infection [22] , which accounted for approximately one third of the other diarrhea in the DDSS.
In both settings, measures of maternal education -years of schooling or newspaper readership -were more strongly associated with reduced cholera risk than breastfeeding; similar findings were reported more than 35 years ago [23] . While the mechanism by which maternal education reduces cholera risk has not been specifically described, this finding underscores the importance of working toward Millennium Development Goal #2 (to achieve universal primary education) not only as a goal in its own right but also as a strategy to reduce child mortality (MDG #4).
The general lack of association of water and sanitation variables with cholera risk was surprising given the importance of water in cholera transmission. Rather than a true lack of association, it's possible that our null results reflect the limitations of using selfreported water and sanitation measures, which may be unreliable.
The proper interpretation of the finding that rural children who received vitamin A were at higher cholera risk than those who did not is unclear, and the criteria by which children received vitamin A supplementation are unknown. Retinol deficiency is more common in children with cholera [24] . If supplementation was based on retinol deficiency, and those with prior supplementation are at continued risk for retinol deficiency, then the observed increased risk for cholera hospitalization among children who received vitamin A supplementation is to be expected. Alternatively, vitamin A deficiency may be a surrogate for malnutrition, which is also known to be associated with cholera severity or duration [25] . However, severe acute malnutrition was not associated with cholera risk in our data.
The increased risk associated with having a family member with diarrhea in the past week has also been found in studies of noncholera diarrhea [29, 30] . In our study, the increased risk is likely due to shared primary exposures as well as genetic/familial susceptibility [26, 27] and secondary person-to-person transmission through environmental contamination [28] .
The use of anonymized data prevented us from assessing repeat visits by the same patient. However, since cholera infection confers natural immunity [31] , it is unlikely that an individual would contribute more than one cholera case to our study. This is confirmed by a previous study that found only three repeat cholera hospitalizations out of more than 7,000 cholera cases over a 15-year period [19] . Nonetheless, we cannot rule out the possibility that a patient classified in this study as having non-cholera diarrhea might have had cholera in the past. This possible misclassification might have led to over-or underestimation of associations. We were also unable to assess family clustering of diarrheal cases in the DDSS. Though clustering could lead to violations of underlying independent observation assumptions [26, 32] , with a sample this large, any clustering effects are likely to be minimal. In addition, antibiotic use prior to hospitalization, which is known to occur in Bangladesh [33] , could not be assessed. This could have skewed the DDSS data, since antibiotic treatment is highly efficacious. Despite these limitations, the large sample size, well-defined population, systematic sampling, and expert laboratory diagnosis of V. cholerae are strengths of this study, as is the fact that our referent group is comprised of hospital patients with other causes of diarrhea. Our study therefore highlights risk factors unique to cholera, as opposed to general diarrheal risks [34, 35] .
In conclusion, we report that increasing age, measures of SES, maternal education, and current breastfeeding status are key correlates of risk for cholera hospitalization among children under five in rural and urban Bangladesh. In addition, a history of vitamin A supplementation and having a family member with diarrhea in the past week were associated with increased risk among rural children. The lack of association with water and sanitation measures highlights the need for a more thorough assessment of potential waterborne exposures. Continued attention should be directed to promotion of breastfeeding, female education, securing viable livelihoods, and promulgation of safe water sources. Finally, the risk faced by family members of cholera cases may warrant renewed research regarding the use of targeted chemoprophylaxis in endemic rural settings [33, 36] . 
